The carbothermal reduction and nitridation (CRN) reactivity of alumina (Al2O3) to aluminum nitride (AlN) under a flow of nitrogen was investigated for transition aluminas (γ-and δ-Al2O3) and α-Al2O3 with the same particle size and mixing homogeneity with carbon. The aluminas were obtained by calcining a (hydroxo)(succinato)Al(III) complex under a flow of nitrogen, argon, or mixed gas of nitrogen and carbon monoxide. The transition aluminas were converted to AlN without any transformation into α-Al2O3. The CRN reactivity of Al2O3 decreased in the following order: γ-Al2O3 > δ-Al2O3 >> α-Al2O3. The difference in their CRN reactivities was attributed to the difference in the ratio of AlO4 sites to AlO6 sites among the three phases. The CRN reactivity decreased with increasing crystallinity.
Introduction
Aluminum nitride (AlN) has many attractive thermomechanical and electronic properties, such as excellent thermal conductivity, high electrical resistivity, high mechanical strength, and high melting point.
1) The carbothermal reduction and nitridation (CRN) method is one of the most useful methods to synthesize AlN powders.
2) The CRN reaction is expressed as follows:
Al2O3 (s) + 3C(s) + N2 (g) → 2 AlN(s) + 3 CO(g) (1) Many investigators have compared the CRN reactivities of various Al2O3 sources using the conventional CRN (cCRN) method in which the Al2O3 sources are mechanically mixed with carbon sources.
3)-5) In investigating the difference in the CRN reactivities of Al2O3 sources and in interpreting any such variation in terms of their intrinsic properties, the Al2O3 sources should meet the following three prerequisites: no phase transformation into α-Al2O3 during the CRN reaction, the same particle size, and the same mixing homogeneity with carbon sources. To our knowledge, no report has compared the CRN reactivities of Al2O3 sources which meet all the prerequisites.
In this work we compared the CRN reactivities of transition aluminas (γ-and δ-Al2O3) and α-Al2O3 using a modified CRN (mCRN) method in which aluminum(III) complexes were used instead of Al2O3 as a precursor and pyrolyzed into a homogeneous mixture of γ-Al2O3 and carbon at a molecular level.
6)-9)
We prepared γ-, δ-, and α-Al2O3 powders, which meet the above-mentioned prerequisites, by calcining the (hydroxo)(succinato)Al(III) (hereafter referred to as AS) complex under a flow of N2, 6) mixed gas of N2 and CO, 10) and Ar, 11) respectively. We have previously reported 6) that the pyrolysis of 2 mol AS complex at 550°C under a flow of N2 gave 1 mol of alumina and 4 mol of carbon and that as expected from Eq. (1), the AS complex was converted into a homogeneous mixture of γ-Al2O3 and carbon and nitridated to AlN without mixing any carbon source under a flow of N2.
Experimental procedure
In this work, we used the AS complex as the precursor of the CRN reaction. We have previously described the synthesis method of the AS complex. 6) In order to prepare γ-, δ-, and α-Al2O3 powders, the precursor powder in an alumina crucible was placed in an alumina tube with an inner diameter of 34 mm and calcined under a flow of N2, 6) mixed gas flow of N2 and 10 vol% carbon monoxide (hereafter, 10 vol% CO/N2), 10) and argon (Ar), 11) respectively. In order to compare the CRN reactivities of the aluminas, they were further calcined at various reaction temperatures under a flow of N2. The sample was taken from the furnace after it had cooled to room temperature. The residual carbon was removed by burning out at 700°C for 1 h in air. For brevity, the sample obtained by calcining the AS complex at Temp °C for H h under a flow of G gas will be referred to as AS (Temp °C, H h, G). The gas flow rate and ramping rate were 200 ml/min and 5°C/min, respectively. The product powders were characterized by powder X-ray diffraction (XRD) with a PANalytical X'Pert PRO MPD X-ray diffractometer with Cu Kα radiation operating at 40 kV and 30 mA. In order to investigate the crystallinity of the aluminas, high-resolution 27 Al magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra were measured at ambient temperature with a radio frequency of 156.3 MHz (Unity INOVA 600 spectrometer, Varian Inc., U.S.A.). The samples were spun at 14 kHz, and an excitation pulse length of 0.5 μ s and a pulse delay time of 3 s were used. The chemical shifts (δ) were referenced to 1 M aqueous AlCl3 solution. The morphology of the synthesized AlN powders was investigated by field-emission scanning electron microscopy (FE-SEM, Hitachi, Ltd., S-4800 electron microscope). ) did not present any detectable peaks other than those assigned to AlN, as shown in Fig. 1(d) . The complete nitridation temperature of 1300°C was 50°C lower than that reported in a previous paper 6) because high purity (> 99.999 %) N2 gas was used. As shown in Fig. 1 , the γ-Al2O3 was converted to AlN without γ-α transformation.
6)
The δ-Al2O3 powders, which are homogeneously mixed with carbon, can be prepared by calcining the AS complex under a flow of 10 vol% CO/N2.
10) The AS complex was calcined at 1100, 1300, and 1400°C and then characterized by XRD. 10) The latter γ-Al2O3 sample was more crystalline (more ordered with respect to the Al arrangement) than the former γ-Al2O3 sample (see below). On the other hand, AS (1300°C, 5 h, 10 vol% CO/ N2) was δ-Al2O3 (JCPDS No. 46-1131), as shown in Fig. 2(b-1 ). δ-Al2O3 occurs as a transition alumina in the thermal transformation of boehmite through γ-Al2O3. The stability of the transition aluminas such as γ-and δ-Al2O3 at high temperatures in the calcination of the AS complex than in the thermal transition of boehmite has been ascribed to both the incorporation of carbon atoms into the transition alumina's lattice and their CRN reaction. This is based on the observations that doping γ-Al2O3 with traces of sodium chloride completely suppressed the transformation into θ -Al2O3. 12) In order to compare the CRN reactivity of γ-and δ-Al2O3, AS (1300°C, 5 h, 10 vol% CO/N2) and AS (1400°C, 5 h, 10 vol% CO/N2), which were δ- (Fig. 2(b-1) ) and γ-Al2O3 (Fig. 2(c-1) ), respectively, were further calcined at 1300°C for 1 h under a flow of N2. The CRN reactions of δ-and γ-Al2O3 resulted in the appearance of very weak and intense, respectively, diffraction peaks corresponding to AlN (Figs. 2(b-2) and 2(c-2)), indicating that γ-Al2O3 is more easily nitridated to AlN than δ-Al2O3, although the former was formed at a higher calcination temperature than the latter.
The nitridation behavior of δ-Al2O3 in this reaction system was compared with that previously reported for δ-Al2O3 nanoparticles under a flow of ammonia. 13) In this previous report of nitridation behavior, the conversion of δ-Al2O3 into AlN was very sensitive to the nitridation temperature and reaction time, and 
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pure AlN powder was prepared in a relatively narrow temperature range between 1350 and 1400°C. 13) Figure 3 shows the XRD patterns of the products obtained by further calcining AS (1300°C, 5 h, 10 vol% CO/N2) at 1200, 1250, 1300, and 1350°C for 5 h, and 1500°C for 2 h under a flow of N2. The XRD pattern (Fig. 3(a) ) of the sample calcined at 1200°C was almost the same as that (Fig. 2(b-1) ) before the calcination. The XRD pattern (Fig. 3(b) ) of the sample calcined at 1250°C showed that the intensities of the peaks assigned to δ-Al2O3 and AlN abruptly decreased and increased, respectively. With increasing calcination temperature, the diffraction peaks assigned to δ-Al2O3 and AlN decreased and increased, respectively. The sample calcined at 1350°C only exhibited the peaks assigned to AlN, as shown in Fig. 3(d) . This complete nitridation temperature was the same as that for the nitridation of δ-Al2O3 under a flow of ammonia. 13) The XRD pattern of the sample calcined at 1500°C for 2 h is shown in Fig. 3(e) , in which only peaks assigned to AlN were observed. This result was considerably different from that previously reported for the nitridation of δ-Al2O3 at 1500°C for 2 h under a flow of ammonia 13) because the product in the latter nitridation was a mixture of α-Al2O3 and AlN. This difference in the two nitridation behaviors at 1500°C can be explained as follows.
In the mCRN reaction of δ-Al2O3, its phase transformation rate to α-Al2O3 is much slower than its nitridation rate to AlN because of the incorporation of carbon atoms into its lattice, while in the ammonolysis of δ-Al2O3 its phase transformation rate to α-Al2O3 is faster than its nitridation rate to AlN.
Effect of the crystallinity on the CRN reactivity
No published report has yet accounted for the crystallinity of aluminas in comparison with their CRN reactivities. We chose two γ-Al2O3 powders, AS (1100°C, 5 h, 10 vol% CO/N2) and AS (1400°C, 5 h, 10 vol% CO/N2), the particle sizes of which were the same (Fig. 4) , in order to investigate the effect of crystallinity on the CRN reactivity. Their crystallinity can be compared by measuring the full width at half maximum (FWHM) of 27 Al MAS NMR peaks because the less crystalline alumina exhibits a broader FWHM due to the quadrupolar broadening. In contrast with the XRD pattern ( Fig. 1(d) ) of AS (1300°C, 5 h, N2), the XRD pattern of Fig. 1(e) exhibited the 
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(400) diffraction peak of unreacted γ-Al2O3. The difference in the XRD patterns can be also explained in terms of the crystallinity of γ-Al2O3, i.e., the calcination of AS at 1100°C for 5 h enhanced the crystallinity of γ-Al2O3, thereby lowering the CRN reactivity.
Comparison of the CRN reactivity between δ-
and α-Al 2 O 3
The α-Al2O3 powders, which are homogeneously mixed with carbon, can be prepared by calcining the AS complex under a flow of Ar. 11) In order to compare the CRN reactivity of δ-and α-Al2O3, we prepared AS (1300°C, 5 h, Ar), which was a mixture ( Fig. 6(a) ) of δ-and α-Al2O3. The sample was calcined at 1300°C for 3 and 5 h under a flow of N2 and then characterized by XRD. As shown in Figs. 6(b) and 6(c), the peaks assigned to δ-Al2O3 became weaker but the peaks assigned to α-Al2O3 were almost invariant with increasing duration time, indicating that δ-Al2O3 is much more easily nitridated to AlN than α-Al2O3. The XRD pattern ( Fig. 6(d) ) of the sample calcined at 1350°C for 5 h shows that the intensities of the peaks assigned to α-Al2O3 abruptly decreased. Intense diffraction peaks assigned to AlN were detected in the sample calcined at 1400°C for 5 h, together with weak diffraction peaks assigned to unreacted α-Al2O3. As shown in Fig. 6 (e), calcination at 1400°C for 10 h resulted in the complete nitridation of α-Al2O3. This complete nitridation temperature is the lowest one reported for AlN formation of α-Al2O3 by the CRN reaction. The reduced temperature was caused by the mixing homogeneity of α-Al2O3 with carbon.
Comparison of the CRN reactivity of Al2O3
As discussed above, the nitridation temperatures around which the intensities of the diffraction peaks assigned to γ-, δ-, and α-Al2O3 abruptly decreased were 1200, 1250, and 1350°C, respectively, while the complete nitridation conditions of γ-, δ-, and α-Al2O3 were 1300°C for 5 h, 1350°C for 5 h, and 1400°C for 10 h, respectively. These results indicated that the CRN reactivity of Al2O3 decreases in the order of γ-Al2O3 > δ-Al2O3 >> α-Al2O3, provided that they have the same particle sizes and mixing homogeneity with carbon. The difference in their CRN reactivities was attributed to the ratio of AlO4 sites to AlO6 sites, which decreases in the following order: γ-Al2O3 > δ-Al2O3 >> α-Al2O3. The γ-and δ-Al2O3 aluminas are both spinel-related, with cubic-closepacked oxygen atoms, but the ratio of tetrahedral Al (AlO4) sites to octahedral Al (AlO6) sites is higher for γ-Al2O3 than for δ-Al2O3. 15 
Morphology of the synthesized AlN Powders
SEM images of the nanosized AlN powders, the XRD patterns of which correspond to Figs. 1(d) and 6(f), are shown in Fig. 7 . As shown in Fig. 7(a) , the AS (1300°C, 5 h, N2) particles were similar to those (Fig. 4) of AS (1100°C, 5 h, N2) and AS (1400°C, 5 h, 10 vol% CO/N2). The AlN particles (Fig. 7(b) ) obtained by calcination of AS (1300°C, 5 h, Ar) at 1400°C for 10 h under a flow of N2 were larger and more coalesced than AS (1300°C, 5 h, N2) particles because of the higher calcination temperature and longer duration time.
Conclusion
Comparison of the CRN reactivity of γ-, δ-, and α-Al2O3 powders with the same particle size and mixing homogeneity with carbon revealed a decreasing reactivity in the following order: γ-Al2O3 > δ-Al2O3 >> α-Al2O3. The transition aluminas were converted to AlN without any transformation into α-Al2O3. The difference in their CRN reactivities was attributed to the difference in their ratios of AlO4 sites to AlO6 sites. The CRN reactivity of Al2O3 also depended on its crystallinity, i.e., the less crystalline Al2O3 had the higher reactivity. This is the first report showing the dependence of the CRN reactivity on the crystallinity. 
